Understanding global environmental change is a major challenge for 21st-century science; monitoring and understanding national soil change is no exception. National scale monitoring results for soil pH, carbon, and total nitrogen status for Great Britain show that soil change is occurring on anthropogenic time scales and that environmental protection legislation is an important tool for reversing potential detrimental impacts.
soil contamination for which soil pH and nutrient content have been proposed as indicators.
Countryside Survey (CS) is a unique "audit" of the natural resources of the UK's countryside that has been performed at regular intervals since 1978 and aids in the understanding of environmental change in an ecosystems context. A recent assessment of the scope and extent of soil monitoring in the UK recognized that CS provides time series data for a range of soil quality indicators with full national coverage of a broad range of natural, seminatural, and managed habitats (Carey et al., 2008) and with a second study by Black et al. (2008) identifies its sampling efficiency for detecting stock and change relative to gridded approaches. CS uses a rigorous sampling approach so that the results from individual surveys can be compared with each other. In this way, the gradual and subtle changes that occur in the countryside can be detected over time. Soils have been part of CS since its inception and were originally included to provide explanatory variables for understanding vegetation distribution and change. Latterly soils have been recognized as a valuable component of the survey in their own right, and the number of measured variables has increased with each survey to include nutrients, contaminants, and biodiversity in 1998 and 2007, with further additions of soil physical measurements and biogeochemical fluxes in 2007 . The number of samples collected has also increased over time to meet the requirement for individual country-level reports for Scotland and Wales. Statistical methods have been developed to enable this increase in sample number to be taken into account when estimating change over time. Soil sampling focuses on the top 15 cm of soil, consistent with other soil sampling schemes in the UK, including the British Geological Survey's Geochemical Baselines Survey of the Environment and sampling reported by Bellamy et al. (2005) from the National Soil Inventory soil survey. This is important with regards to data interpretation in terms of change in arable soils as it provides no information on accumulation or loss of materials due to turnover and burial by tillage.
Soil variables were selected for inclusion in the 2007 survey according to a range of criteria including the following: relevance to policy needs, important scientific questions, uniqueness of CS soils data both in isolation and when combined with other CS variables, value for money, links and compatibility with other soil monitoring programs, and soil indicators .
We report data for 10 broad habitats (BHs) and separately for Great Britain (GB) and its constituent countries (England, Scotland, and Wales) to describe (i) the status and change in soil (0-15 cm) acidity (pH) and carbon (C) concentration between 1978, 1998, and 2007; (ii) 6 Material and Methods
Countryside Soils Methodology
The stratification on which CS monitoring is based is a classification of every 1 by 1 km square in the UK (as defined by the Ordnance Survey grid) into 45 classes [the Institute of Terrestrial Ecology (ITE) land classes] derived from the clustering of the major environmental gradients across the countryside (Firbank et al., 2003) , such as altitude, average annual temperature, and average rainfall. A random sample of the squares within each land class is selected for monitoring, and a map of squares sampled is presented in Carey et al. (2008) . Within each sample square, five randomly placed plots are used for soil sampling. This sampling strategy for CS is structured to give reliable national statistics by ensuring that the range of different environments found in GB is adequately represented and that a range of reporting categories are possible into the future as the environmental gradients are relatively stable.
The statistical analyses used to obtain estimates are designed to make maximum use of the data, especially the resampling of plots over time, while making a minimum of (possibly unverifiable) assumptions about the structure of the data.
The first CS was conducted in 1978 and consisted of 256 1 by 1 km squares. Soil samples were collected from a soil pit in the center of each of the five main survey plots (200 m 2 ) randomly located within each of the squares. A total of 1197 soil samples were collected for analysis, and detailed vegetation surveys and a range of biophysical measurements were undertaken in each plot. During the 1998 and 1999 CS, soil samples were collected from a point 15 cm to the north of the inner 2 by 2 m plot at the center of the same main survey plots as in 1978; 1098 samples were returned for analysis. In 2007, the number of 1-km sample squares was increased to 591 to improve the statistical power for reporting at the level of individual countries at 5% confidence level for expected, or previously reported, change in soil pH and soil C, giving a total of 2614 samples for analysis. Soil samples were collected in 2007 from a point 15 cm to the south of the inner 2 by 2 m plot in the center of each of the main survey plots. Plots were relocated using maps and/or markers placed in previous surveys and were within 2.7 m of previous sampling where repeat locations were sampled and permanent markers relocated. In 1978, a composite 0 to 15 cm topsoil sample weighing approximately 200 g was collected by trowel from the side of a pit after removal of live vegetation and fresh litter from the surface to expose the layer of decomposing plant material (Kirby et al., 2005) . In 1998 and 2007, a plastic tube (15 cm deep by 5 cm diameter) was inserted into the soil surface after removal of loose vegetation and plant litter to obtain a core with a known volume. Soil samples were stored in cold boxes and mailed back to the laboratory for analysis. The relocation of plots was aided by maps drawn in all years with the addition of permanent metal markers in subsequent years. Repeat samples were therefore located within 2 to 3 m apart. If resampling of plots was not possible due to access restrictions, failure to relocate accurately, or loss to urbanization, the rigorous statistical design criteria for CS were applied to randomly locate a new plot within the square; 45 of the samples were not resampled due to urbanization in 2007. Full information about CS, the methodology employed in square and plot selection, and field survey techniques are provided in Carey et al. (2008) . The methods of soil analysis including the rationale behind the choice of analysis are described in full in Emmett et al. (2008) , with summaries provided below.
Measurement of Soil (0-15 cm) pH
In 1978 and 2007, the pH of fresh soil was measured using a modified version of the method employed by the Soil Survey of England and Wales (Avery and Bascomb, 1974) to give a ratio of soil to deionized water of 1:2.5 by weight. The suspension was stirred thoroughly and left to stand for 30 min after which time the pH electrode was inserted into the suspension and a reading taken after a further 30 s. The calibration of the pH meter was checked and adjusted if required after a batch of 25 samples. A standard soil, a certified reference soil, and a duplicate analysis were used for every batch of 25 samples.
In 1998, soil pH was measured using the protocol described in Allen (1989) that gave a suspension with a soil to water ratio of approximately 1:2 by weight. Comparison of measurements made on dried archive soils using the 1978 and 2007 method with data from measurements made in 1998 on the same air-dried soil samples showed very close agreement with no discernible bias . Soil pH was reported to 0.05 pH units in 1978 and to 0.01 pH units in 1998 and 2007.
Measurement of Soil (0-15 cm) Carbon Concentration
Soil C concentration (in grams per kilogram) was estimated for every soil sample from loss on ignition (LOI) data. In 1978, LOI was determined on approximately 10 g of oven-dried soil at 375°C for 16 h (Ball, 1964) , while in 1998, due to changes in standard laboratory methods in the intervening period, LOI was initially determined on approximately 1 g oven-dried soil at 550°C for not less than 2 h (Allen, 1989) . When this change in analytical techniques was realized, a test subset of forty 1998 soils (data not shown) were reanalyzed using the 1978 method. This showed that the 1998 method gave significantly higher LOI values (+1.21 ± 0.25%, P < 0.001) compared to the 1978 method. To remove this effect, as many as possible (74%) of the original 1998 soils were reanalyzed using the 1978 LOI method. Where reanalysis was not possible, the LOI values were estimated from a regression equation derived from the samples analyzed using both methods. All 2007 samples were analyzed using the 1978 method.
Data from elemental analysis demonstrated that in 1998 and 2007, 55% of LOI was accounted for by carbon. Soil C concentration was therefore estimated for samples in all years using the following equation:
Measurement of Soil (0-15 cm) Total Nitrogen Concentration
Samples for total N analysis were ball milled to a fine powder and analyzed by oxidative combustion followed by thermal conductivity detection using an Elementar Vario EL elemental analyzer. Sample weights were 15 mg for peats and organic-rich soils and 15 to 60 mg for mineral soils. Results were normalized to a certified acetanilide standard and expressed in units of percent dry weight. The quality of the analyses was checked using one externally validated and two in-house standard reference materials covering the range of anticipated soil N concentrations. The same standard reference materials were used in 1998 and 2007, and the repeated values all fell within acceptable limits and showed no evidence of bias . Carbon/nitrogen ratio (by weight) was calculated for each sample by combining the measurements of soil total N concentration (in percent dry weight) and soil C concentration (in grams per kilogram).
Measurement of Soil (0-15 cm) Bulk Density
Soil BD (in grams per cubic centimeter) was determined for the first time in the 2007 Survey using the same soil sample as for LOI determination. Bulk density was estimated for each soil sample by recording the exact dimensions of each sampled soil core before the soil was extruded from the plastic tube. On extrusion, the soil was weighed, homogenized, and reweighed before drying at room temperature for up to 2 wk. At the end of this period, the soil was again weighed and then sieved to 2 mm, and the weight and volume of the unsieved debris (largely composed of stones and plant material) recorded. A subsample of 10 g of sieved soil was then accurately weighed and dried overnight at 105°C, before LOI determination.
The moisture loss at each stage of the process was used to estimate the initial moisture content of the soil and from that the initial dry weight of the soil. Bulk density was then estimated using the following equation:
www.VadoseZoneJournal.org soil (0 15 cm) bulk density (g cm ) 1.5
The contents (in teragrams) of C and total N in the top 15 cm of soil were estimated for each BH and country by multiplying the density data for each reporting unit by the respective area estimated by CS in 2007 (Carey et al., 2008) .
Statistical Analyses
The sampling strategy used in CS is hierarchical, with random placing of plots within randomly chosen 1 km squares within ITE land classes. The same plots are revisited for each successive survey (our "repeat plots") augmented in each successive year with additional samples. In addition, there is the inevitable occurrence of missing values, for example, when plots are lost to survey or not relocated or when samples are lost. To take account of this structure, estimates of mean values were calculated using a repeated measures mixed-effect model containing random square and plot effects and an autocorrelation parameter of order one to allow for correlation between successive measurements on the same plot. This model takes account of the hierarchical structure of the data and the repeated measurements in individual plots (Scott, 2008) ; for a more detailed description, see the supplementary information. It is also able to cope with incomplete observations and so utilizes all the available data in each survey year. The model makes maximum use of the data, especially the power obtained from resampling of plots over time, while making a minimum of (possibly unverifiable) assumptions about the data structure. To make minimal assumptions about the data distribution and to avoid possibly unwarranted assumptions of normality, the confidence intervals used to estimate significance were produced using bootstrapping techniques (Efron and Tibshirani, 1993) . For each analysis, the dataset was randomly resampled many times and the model refitted to each of these bootstrap samples. The variation in the fitted model parameters then quantified their precision.
Average values for each of the three survey years and the changes between the years were estimated for each strata of the ITE Land Classification using the parameters of the fitted model. The parameters for individual strata were then combined to give estimates of regional or national status and change. The areas of the land classes are known exactly for GB and its constituent countries (England, Scotland, and Wales) so that estimates of average levels of any property for the set of land classes are easily combined to give national estimates simply by weighting the land class estimates by the land class areas. In a similar way the precisions (variances) of the land class averages are combined to give the precision (variance) of a national estimate using standard statistical formulae.
Thus there are two components to the estimation procedure: (i) mean values for each time point within each land class and (ii) variances and confidence intervals for these mean values. The assumptions behind the mean model can be summarized as follows: plots within the same square are more similar than plots in different square; squares differ from other squares by an individual random amount (but no specific form for the distribution of these amounts is assumed); and repeat measurements on a plot are more similar than measurements on different plots. In each case, the degree of similarity is determined from the data. For variances and confidence intervals, bootstrapping (i.e., resampling) methods are used since these do not assume any particular population distribution, such as normality, but estimate variances from the data directly.
The results in this paper are reported at the GB level with respect to 10 BHs as these are the reporting framework for environmental change. The BH classification consists of 27 habitats that account for the entire GB land surface and the surrounding coastal sea (Jackson, 2000) . Data for 10 BHs are reported here because some contain no soil while others are rare and not encountered sufficiently frequently in CS to provide a statistically robust sample.
Habitat information was not mapped in 1978, so all reporting by BH refers to the 2007 BH allocation for the land parcel in which each main survey plot resides. Where a plot was not sampled in 2007, the 1998 BH allocation was used if available. Broad habitats have a minimum map unit size of 400 m 2 in CS (Carey et al., 2008) . All statistical analyses were performed using SAS v9 or SAS Enterprise Guide 4 (SAS Institute Inc.).
Results
The number of plots sampled in CS has more than doubled since the first survey in 1978, reflecting the evolution of the survey and the policy requirement to report statistics for individual countries. Overall, 42% of samples come from plots only sampled once, primarily due to the many extra sampling locations in 2007. The remaining 2843 samples (58%) come from plots that have been sampled more than once, with over 1900 samples collected from plots sampled in all three surveys. The statistical approach allows for this to be taken into consideration.
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Soil (0-15 cm) pH
The measured soil (0-15 cm) pH across the three surveys ranged between pH 3.20 and 9.15. The distributions of pH values changed with each survey, revealing a progressive reduction in the frequency of acid values (pH < 5) and an increase in the frequency of values in the range pH 5.8 to 6.2. The frequency of values > pH 8 also increased across the surveys (Fig. 1a and1b ). Soils beneath BHs in GB covered a wide range of pH (Table 1) and showed a strong NW-SE divide ( Fig. 2) largely controlled by the pH of the underlying parent material; the most acid soils were those beneath coniferous woodland, bog, and dwarf shrub heath BHs, where mean topsoil pH in 2007 was » 4.5, while the least acid topsoils were those in the enclosed farmland BHs with mean pH values ranging between 6.3 and 7.2 in 2007. In addition, data from the repeat plots are presented in Table 2 . These data show no major differences compared to Tables 1 and 3 ; because of limited sample size [ Table 3 .2 in Emmett et al. (2010) ], these data serve only as a consistency check for Tables 1 and 3 .
With the exception of coniferous woodland, mean topsoil pH increased significantly in all BHs over the 29 yr from the first survey in 1978 (Table 1) . Mean topsoil pH beneath coniferous woodland remained unchanged over the 29-yr period, while beneath bracken BH the only significant increase in mean pH was between 1978 and 2007. No significant increases in mean soil pH were observed among the BHs with more acid soils (1978 mean pH < 5) between 1998 and 2007. In contrast, mean soil pH increased between each survey in those BHs where the 1978 mean topsoil pH was greater than five.
In all three surveys, the most acid soils corresponded to those with the highest OM content (Tables 1 and 2 ) and as also revealed by plotting LOI as a function of pH (Fig. 3) . The dashed line indicates the upper edge of the data that may indicate the presence of some kind of threshold that may relate to the chemical behavior of OM in GB soils and might be investigated further. Mean soil pH increased significantly across all three surveys in BHs with a 2007 mean topsoil C concentration of less than 90 g C kg −1 (»16% LOI; Tables 1 and 2 ). Conversely, there was no significant change 
Soil (0-15 cm) Carbon Concentration
Recorded LOI values were in the range of 1.0 to 98.5%, corresponding to topsoil C concentrations of 5.5 to 541.8 g C kg −1 .
The maximum C concentration possible in a soil when using Eq.
[1] is 550 g C kg −1 , and the distribution of C concentrations across the observed range is shown in Fig. 1c and 1d . The mix of soils across GB has a characteristic bimodal U-shaped distribution pattern, with the majority of soils containing <100 g C kg −1 . The 1998 survey contained a greater frequency of soils with higher LOI values, which led to higher estimates of C concentrations that year (Fig. 1c) . We can find no systematic bias in our data (e.g., an undersampling of a particular habitat, soil type, or geographical area) that could lead to this difference.
Sources of variation between years were explored by a comparison of differences for our repeat plots, that is, those that were sampled in all three surveys. The vast majority of observed differences in C concentrations in repeat plots were small; in each combination of years (1978-1998, 1998-2007, and 1978-2007) , 83 to 91% of differences in repeat plots were < 100 g C kg −1 . At the other end of the scale, 1 to 5% of all differences from repeat plots were > 300 g C kg −1 . Such large differences are highly unlikely to be due to real change in soil C concentration and suggest that soils in some locations were extremely heterogeneous or that surveyors were not always successful in accurately relocating plots. There is no reason to expect such relocation errors to have a directional bias, but the net effect of such values will be to add extra variation to the change data and hence reduce significance levels but not to bias or invalidate results.
The pattern of higher mean topsoil C concentrations in 1998 compared with the other survey years occurred within many BHs, although the differences between years were not always significant. Among BHs, mean topsoil C concentrations in 1978 and 2007 were significantly different in arable and horticultural, bracken, and broadleaf woodland soils. There were very low numbers of soil samples in the bracken BH in 1978 and 1998 (10 and 12, respectively) , so estimates for these years are likely to be inaccurate. The 2007 estimate, which is based on 53 samples, is more likely to represent a reasonable value of the mean topsoil C concentration in the bracken BH, and the significant change reported is likely an effect of better representation in 2007. 18.0 † These were determined by taking the mean value per country and broad habitat from just the repeat plots with the inclusion of a random effect of square to account for differences in variation from plots located within the same square to plots located in different squares. There were clear differences in mean soil (0-15 cm) C concentrations between the constituent countries of GB (Table 3) . Scotland, which contains the majority of the organic soils in GB, had the highest mean topsoil C concentrations and England, which contains a greater proportion of mineral soils, the lowest. Mean topsoil C concentrations in 1978 and 2007 were not significantly different for GB or any constituent country.
Soil (0-15 cm) Total Nitrogen Concentration
Concentrations of total N measured in soils (0-15 cm) in 2007 ranged between 0.04 and 2.77%N compared to a range of values between 0.08 and 3.22%N in 1998. Overall, there was evidence of a downward shift in total N concentrations across the entire range of values between 1998 and 2007 ( Fig. 4a and 4b) . The populations in 1998 and 2007 were skewed and slightly bimodal (Fig. 4a) .
In both the 1998 and 2007 surveys, the highest mean topsoil total N concentrations (> 1%) were observed in BHs with organic-rich soils, that is, acid grassland, dwarf shrub heath, bog, and fen, marsh, and swamp, which all had 2007 mean topsoil C concentrations > 200 g C kg −1 (> 35% LOI; Tables 3 and 4) . By contrast, the lowest mean topsoil total N concentrations in 1998 and 2007 were observed in the Arable and Horticultural BH. This habitat was also characterized by topsoil with highest mean pH values and lowest C concentrations (Tables 1 and 3 ).
The magnitude of change in mean total N concentration between 1998 and 2007 varied among the BHs (Table 4) but overall there was either no change or a significant decrease in topsoil total N concentrations; no BH recorded an increase in topsoil total N concentration. The smallest significant decrease (7%) was measured in the arable and horticultural BH while the biggest percentage decrease between the surveys (21%) occurred in coniferous woodland. Mean total N concentration in soils (0-15 cm) beneath broadleaved woodland, improved grassland, bracken, and fen, marsh and swamp did not change significantly between 1998 and 2007. Between 1998 and 2007 there were relatively small, significant decreases in mean soil (0-15 cm) total N concentration across GB (~10%), England (~11.5%), and Scotland (~11%), but no significant change was observed across Wales (Table 4) .
Soil (0-15 cm) Carbon:Nitrogen Ratio
Mean topsoil C to N ratios observed across the BHs fall into three broad groups (Table 4 ). The lowest mean values (11 to 12) were observed consistently in the more fertile and intensively managed BHs, which have circumneutral topsoils with a relatively low carbon concentration (2007 mean < 70 g C kg −1 ; LOI < 13%). In contrast, BHs (coniferous woodland, dwarf shrub heath, bog) on acidic (mean pH < 5), organic-rich topsoils typically had C to N ratios in excess of 20 in both 1998 and 2007 (Table 4) . Between these end members were BHs on moderately acid (mean pH c. 5) humusmineral soils. These broad groupings were observed consistently in the 1998 and 2007 surveys and are reflected in the trend for mean topsoil C/N ratio to increase with mean topsoil C concentration.
For the majority of BHs there was no change or a small increase in soil C/N ratio between 1998 and 2007 (Table 4) . The arable and horticultural BH is the exception, showing a significant decrease in mean soil C/N ratio between 1998 and 2007. Figure 4c shows the general trend between the total N concentration and the soil C concentration from which the C to N ratios are derived.
Soil (0-15 cm) Bulk Density
Soil (0-15 cm) BD in individual samples in 2007 ranged from 0.02 to 1.95 g cm −3 (Table 5) , and there was an inverse logarithmic relationship between total N concentration ( Fig. 4d) and topsoil BD. Moreover there was also a strong inverse logarithmic relationship between BD and mean carbon concentration in 2007 (Fig. 5) . Mean topsoil BD across BHs varied between 0.2 and 1.2 g cm −3 and was lowest in topsoils of the bog BH and highest in the arable and horticultural BH (Table 5 ). The mean soil (0-15 cm) BD values for individual countries reflect the relative abundances of organic-rich and mineral soils within each country, so that Scotland has the lowest mean BD (0.50 g cm −3 ) and England the highest (0.99 g cm −3 ).
Soil (0-15 cm) Carbon and Total Nitrogen Densities
The highest mean soil (0-15 cm) carbon density values in 2007 (» 90 t ha −1 ) were found beneath the acid grassland and dwarf shrub heath BHs (Table 6) . Across GB and the individual countries, the mean topsoil C density was of the order of 70 t ha −1 (Table 6) ; however, this masks the strong northwest-southeast split across GB in the visual representation of the distribution of soil (0-15 cm) carbon density with BH (Fig. 6 ). In particular, the BH carbon density representation highlights the dominance of high organic carbon density soils in Scotland, compared with the much lower soil (0-15 cm) organic carbon densities measured across central, southern, and eastern England in areas under relatively intensive agricultural management. However, many of the soils of the SE of England, though low in organic carbon, form on calcareous parent materials and have considerable concentrations of inorganic carbon, ~186 Tg (0-30 cm) (Rawlins et al., 2011) .
The largest soil (0-15 cm) total N density (6.0 t ha −1 ) for an individual BH was measured in improved grassland, reflecting the intermediate mean total N concentration (0.45% dry wt.) and relatively high mean BD (0.97 g cm −3 ; Table 6 ). Despite having the highest mean total-N concentration (1.78% dry wt.), soils in the bog BH had one of the lowest total N density values (3.8 t ha −1 ) due to the low BD (mean value 0.17 g cm −3 ). Across GB, the mean soil (0-15 cm) total N density was approximately 5 t ha −1 , which was intermediate in value between Scottish (4.3 t ha −1 ) and Welsh soils (6.1 t ha −1 ). 
Soil (0-15 cm) Carbon and Nutrient Contents in 2007
In 2007, the estimates provided by CS show that the soil (0-15 cm) content of carbon in GB was » 1600 Tg, along with 114 Tg of nitrogen (Table 6 ). The variation in soil (0-15 cm) C and total N contents across the individual countries broadly reflects the effects of land area on the calculation of content since the topsoil densities are approximately equal at » 70 t C ha −1 and » 5 t N ha −1 (Table 6 ).
6 Discussion
Soil (0-15 cm) pH
The increases in topsoil pH between 1978 and 2007 recorded for the majority of BHs across GB are consistent with the expected benefits of continuing reductions in atmospheric sulfur deposition (Review of Transboundary Air Pollution, 2012). For BHs with organic-rich soils, the significant increase in mean pH between 1978 and 2007 was largely accounted for by the increase between 1978 and 1998, which may indicate that deprotonation of organic acids is buffering the pH response to reduced atmospheric inputs of mineral acids. These findings reflect those from the resampling of the National Soil Inventory between 1978 and 2003 (Kirk et al., 2010) , which also noted limited recovery from acidification in organic-rich soils. Large areas of organic-rich soils occur in the north and west of GB (Fig. 6) where initial pollution levels were lowest and reductions in acid deposition have been smaller than anticipated given the size of the emission reductions (National Expert Group on Transboundary Air Pollution, 2001; Review of Transboundary Air Pollution, 2012). Current risk assessment tools using critical load methodology indicate that the majority of these systems still remain at risk from acidic deposition (Review of Transboundary Air Pollution, 2012).
The pH changes in managed agricultural land have been influenced by changing farming practices such as moves toward deeper cultivation that bring relatively unweathered chalk parent material to the soil surface. Using data collected in 1978 , 1998 , Lebron et al. (2011 found that soils with a pH > 8.3 in 2007 had a mean pH of 7.5 in 1978, indicating a rise in pH of ~1 pH unit in the last 30 yr. The increase of soils with pH > 8.3, the point at which the soil solution is in equilibrium with calcium carbonate at saturation, indicates the presence of other cations, most likely sodium that can accumulate bicarbonates in solution that will increase the pH above 8.3. The majority of samples were from calcareous soil types or over calcareous parent material and predominantly in the arable BH type. Visual inspection of samples revealed the presence of abundant calcite crystals in most of the soils. In England, many areas of arable and arable ley or short-term grassland are located close to emission sources and will have experienced relatively large reductions in acid deposition loading, especially from dry deposition of SO 2 (National Expert Group on Transboundary Air Pollution, 2001), compared to areas further west where wet deposition dominates inputs. Path analysis of the CS soils data (Centre for Ecology & Hydrology, unpublished data, 2010) has shown that the biggest increases in soil pH were in sample squares where dry sulfur deposition was greatest and where the largest reductions in dry sulfur deposition occurred.
Coniferous woodland was consistently among the most acidic of the BHs and uniquely showed no significant changes in mean soil (0-15 cm) pH. Large areas of conifer forest are located at relatively high altitude in the north and west of Britain where annual rainfall is high and wet deposition, enhanced by seeder-feeder effects, dominates atmospheric inputs (Dore et al., 1992) . Forest canopies are frequently enveloped by clouds that contain high concentrations of atmospheric pollutants. Given this environment and the ability of conifer canopies to efficiently scavenge air pollutants from the atmosphere (Fowler et al., 1989 ) plus relatively high rates of internal acidity generation (Langan et al., 2004) , it is possible that the positive effects of emission reductions may be attenuated in coniferous woodland (Kirk et al., 2010) . There is also an interaction between forest age or maturity and atmospheric nitrogen deposition, which can potentially acidify forest soils (Emmett et al., 1993) . With increasing age past canopy closure, the ability of the forest ecosystem to retain nitrogen declines. As atmospheric nitrogen deposition has changed little over the past 30 yr while trees planted in the 1960s have reached maturity, the ongoing effects of nitrogen deposition may have offset the benefits of lower sulfur deposition. In policy terms, these results are important for the aquatic environment because of continuing surface water acidification and the persistence of acid episodes in afforested, acidsensitive headwater catchments.
Soil (0-15 cm) Carbon Concentration
It is estimated that European soils contain 75 to 79 Pg C (Schils et al., 2008) , of which UK soils store 6 to 7 Pg. The top 15 cm of soils in GB (i.e., the UK without Northern Ireland) store approximately 1.6 Pg of organic C (Table 6 ). Soils are the largest terrestrial pool of C, and there is a need to track and understand trends in soil C and to optimize future soil C storage through land management and use. Although measurements of topsoil organic C are available in all member European Union countries, very few countries have repeated sampling campaigns , and to our knowledge, CS is the first survey in Europe to sample soils three times. Moreover, CS data are obtained from a randomized sampling scheme and hence should be fully representative of the soils of GB, the analytical methods have been the same for each survey, and the results presented here are robust to variation in the method of statistical analysis. Bellamy et al. (2005) for England and Wales (see Table 7 ). For woodland soils, CS estimates of change are larger than those reported from a major UK resurvey of 103 woodlands (Kirby et al., 2005) , and in the opposite direction to reports of C changes in woodland soils in Belgium, and to that of Bellamy et al. (2005) The only other available data concerning changes in topsoil C concentration in England and Wales, and for organic soils in Western Europe generally, are those reported by Bellamy et al. (2005) , from the National Soil Inventory of England and Wales (NSI-E&W), which was performed in stages from 1978 to 1983 and again from 1994 to 2003 and therefore covers a subset of the geographic area and time period covered by as CS. The CS results are considerably different from those of Bellamy et al. (2005) and there are numerous differences between CS and NSI-E&W such as those relating to statistical design, the number of subsamples collected www.VadoseZoneJournal.org p. 13 of 15
at each site, the acceptable spatial precision for site relocation, and the methods of soil organic carbon determination that have been explored to explain these differences but with no success (Kirk et al., 2013) . A range of possible explanations have been explored that has included repeat of measurements on soils from archives; analyzing the possible effect of different distributions of soil types sampled; sampling structures; and statistical approaches. It is unlikely that the conflicting outcomes will be resolved without additional future samplings and new data from other monitoring schemes such as the National Soil Inventory for Scotland that has data that covers the same time period and BH types and can be compared directly with the CS Scotland results already reported separately , providing support for the CS sampling and statistical approach. This and the woodland Kirby et al. (2005) study (which supported the CS findings) provide the only real comparative programs.
An exploration of the influence of change in vegetation type (a surrogate for land use change) was explored in Emmett et al. (2010) by comparing trends observed in plots with and without a change in their assigned vegetation class. No differences in trends were observed if plots were removed that had no change in vegetation type suggesting whole-scale vegetation change is not having a significant influence on the few significant temporal trends we observe. A similar conclusion was reached by van Wesemael et al. (2010) who used a process based carbon model to explore the soil organic carbon changes in Belgian soils between 1960 and 2006. Climate change (Davidson and Janssens, 2006; Heimann and Reichstein, 2008) is also unlikely since changes in temperature and rainfall across GB since 1978 have been insufficient to cause large-scale changes in mineral soil C concentration or density (Smith et al., 2007) . Furthermore, trends differ between habitat types indicating that other habitat-specific drivers must be responsible for the long-term changes observed in arable and woodland soils. For example, in arable systems, a continuing response to the intensification of farming practices may be a dominant factor in continuing losses of topsoil C (Stoate et al., 2001) . In woodlands, changes in tree age structure and reduced harvesting are likely to be the main drivers of soil C concentration increases (Liski et al., 2002; De Vries et al., 2006) . Efforts to attribute the observed changes are ongoing, but initial statistical analysis suggested the most consistent explanatory driver of spatial and temporal trends in topsoil C was the reduction in sulfur deposition and increase in soil pH (Smart et al., 2010) .
Soil (0-15 cm) Total Nitrogen Concentration and C to N Ratios
There were no significant increases in mean soil N concentration in any reporting category in GB or in the individual countries between 1998 and 2007. Instead, significant decreases in soil N concentration were detected for many reporting categories.
For seminatural and woodland systems, the results imply that sustained levels of atmospheric N deposition over the decade from 1998 to 2007 have not resulted in measurable increases in topsoil total N concentration as expected. Average inputs across GB are approximately 20 kg N ha −1 yr −1 , which is equivalent to 0.18 t N ha −1 yr −1 (Review of Transboundary Air Pollution, 2012) . This translates to a potential increase of approximately 3 to 4% in soil nitrogen concentrations (0-15cm) over the reporting period. In contrast to the expected increase in soil N concentration, there was a significant decline in many habitats accompanied by a trend for increased C/N Bellamy et al. (2005) are estimates from graphs. CS values are derived from the aggregate vegetation class (AVC) results: AVCs crops and weeds and tall grass and herbs = arable, AVCs fertile and infertile grassland = grasslands, and AVCs upland and lowland woodland = woodlands. The CS sampling depth was 15 cm. The change in C concentration reported by Kirby et al. (2005) was not statistically significant. ratios (significant for coniferous woodland and neutral grassland). Taken together, these indicate that there is either increased removal of N from the soil by vegetation, leaching, or gaseous pathways and/ or greater inputs and storage of C due to increased plant productivity (Baker et al., 2004) , leading to inputs of high C/N litter. Change in plant fixation of C and uptake of N may be driven by the combined and possibly interactive effects of N deposition and climate change on plant productivity (Phillips et al., 1998) , which is one of the primary drivers of vegetation composition change in seminatural systems. No significant increase in soil (0-15 cm) carbon density was observed for any seminatural habitat or woodland although there were positive trends observed for acid grassland, dwarf shrub heath, and bog. The apparent "dilution" of the N signal in the soil may also have major implications for current soil and pollution monitoring programs that rely on gross soil measurements such as %N and C/N ratio to indicate the impact of N deposition in seminatural systems. A more sensitive indicator of plant available-N may need to be combined with plant productivity and vegetation composition change in the future and was included in the CS 2007 campaign and reported elsewhere (Rowe et al., 2012) .
For managed grasslands, the overall trend is not clear. While there was no change over this period in soil (0-15 cm) nitrogen concentrations for improved grassland BH, there was a significant decline for the fertile grassland aggregate vegetation class for GB. No significant change in C/N ratio was observed for either category. This relatively small signal is unexpected as mineral fertilizer application rates to grassland declined dramatically by » 40% to 65 kg N ha −1 yr −1 between 1998 and 2007 (British Survey of Fertiliser Practice, 2009). The result could imply that livestock farmers are either using alternative sources of N such as farm yard manure, slurries, and other organic waste products to maintain N levels in managed grassland soils or soil (0-15 cm) %N is an insensitive indicator of soil response to changes in fertilizer use. If indeed farmers are continuing to maintain total soil N concentrations in managed grassland while reducing use of mineral N fertilizer, this would be a positive outcome as the energy costs associated with mineral fertilizer use will have been reduced without detriment to soil N status. Fertilizer use is one of the indicators used to gauge progress in reducing the environmental cost of the food chain under the British Government's Sustainable Farming and Food Strategy. Nitrogen fertilizer has been chosen because N contributes to diffuse pollution and fertilizer production has a high energy cost. However, there is a risk that the maintenance of soil N status, possibly through other sources of N, may limit the intended benefits of reduced fertilizer use for diffuse pollution control.
For cropped systems, a decline in %N and C/N ratio was observed, suggesting the loss of soil C (0-15 cm) is matched by a loss of N (9 and 7.5%, respectively, between 1998 and 2007). As there was only a small decline in N fertilizer application rates to tilled land across GB between 1998 and 2007, it is most likely that processes that would remove C and N in equal proportions may be responsible, for example, erosion or deep plowing resulting in lower soil horizons characterized by lower C:N coming to the surface. The latter would be consistent with an increase in soil pH.
Conclusions
Over the last 30 years, CS has revealed significant changes in the acidity, carbon, and nutrient status of soil (0-15 cm) across GB as a whole or for individual habitat types. Some of these changes, for example, the increase in soil pH, might have been anticipated, while others, such as the decline in nitrogen, are unexpected or are contrary to previous reports, for example, overall no change in soil C. In all cases, the results demonstrate the urgent need to continue national-scale soil monitoring programs to assess the impacts of both "natural" and human induced environmental change on a vital but finite natural resource, preferably enhanced to include measurements to greater soil depth. Including such a soils monitoring program within a wider integrated ecosystemapproach program will enable habitat-specific trends to be accurately documented, the importance of the plant-soil continuum for soil function to be explored, and thus the recognition of soils as part of the wider ecosystem to be recognized in the delivery of ecosystem services (Smart et al., 2010) .
